I. INTRODUCTION
For hybrid electric vehicle and wind turbine generator applications, Nd-Fe-B based permanent magnets with high coercivity are required. 1, 2 Generally, there are two ways to increase the coercivity in Nd-Fe-B magnets. One way is to increase the magnetocrystalline anisotropy of the Nd 2 Fe 14 B phase by substituting Dy for a fraction of Nd atoms. [3] [4] [5] But in the long term, the scarcity of Dy dejects the continued use of Dy in Nd 2 Fe 14 B magnets. The other way is to optimize the extrinsic properties by microstructural engineering such as grain boundary diffusion. 2, [6] [7] [8] The latter is currently widely studied, since it makes the utilization of Dy more efficient.
In turn, the reason why the coercivity of standard NdFe-B magnets is far below that of the theoretical value is greatly attributed to the extrinsic microstructual features. In the modelling aspect of this issue, micromagnetic simulations 9, 10 and mechanically coupled phase-field simulations [11] [12] [13] [14] are two methods for studying the microscopic behavior of magnets. Especially, in view of the variability in microstructures, micromagnetic simulations 9, 10 have been the powerful tools for aiding experiments about exploring effects of grain size, grain boundary phase, and grain alignment. For example, Sepehri-Amin et al. 15 and Liu et al. 16 combined experiments and micromagnetic simulations to study the grain size dependence of coercivity in Nd-Fe-B magnets. Hrkac et al. [17] [18] [19] investigated the effect of grain boundary composition on the coercivity of Nd-Fe-B grain ensembles by a combination of atomistic and micromagnetic simulations. Fujisaki et al. 20 used micromagnetic simulations to study the magnetization reversal in misaligned multigrain magnets.
As one critical microstructural parameter, grain shape, especially the edges or corners, can affect the local demagnetization field distribution and thus the local magnetic reversal behavior. [21] [22] [23] [24] The premature nucleation of the locally reversed domain is unfavorable for an enhanced coercivity. Therefore, grain shape should play an important role on the coercivity, and it is also possible to tailor the grain shape to adjust the shape contribution to the coercivity. However, to the best of our knowledge, a systematic study on the grain shape effect in Nd-Fe-B is still meaningful according to the literatures. Bance et al. [25] [26] [27] used the cubic or dodecahedral single grain covered by a defect layer to study the defect thickness dependent angular dependence of coercivity and the thermally activated coercivity in Nd-Fe-B by micromagnetic simulations. Based on the sub-micron Nd 2 Fe 14 B single and perfect grain with a rectangular prism shape, Thielsch et al. 23 applied micromagnetic simulations to reveal the dependence of coercivity on length ratios. Krone et al. 28 carried out micromagnetic simulations to study the magnetization reversal processes and energy barrier of single and perfect grain nanomagnets with rectangular prism and cylinder shapes. With respect to nanocomposite permanent magnets, Fischbacher et al. 29 used micromagnetic simulations to study the role of the size and shape of the soft inclusions on the magnetization reversal by considering magnetically soft spheroids, cuboids, and cylinders embedded in a hard magnetic matrix. More importantly, Bance et al. 30 performed micromagnetics of shape anisotropy based cylindrical and spheroidal magnets, but with the magnetocrystalline anisotropy ignored. With a focus on the grain-size dependent demagnetizing factors in permanent magnets, they also studied three different shapes (i.e., sphere, dodecahedron, and cube) which are all without any defects. 24 These relatively scattered studies with different focuses have provided fruitful information on the grain shape effect and its underlying mechanisms in Nd-Fe-B magnets. Based on these previous studies, in this work we consider the surface defects in the Nd-Fe-B single grain or multigrain. A systematic study was carried out for anatomizing the grain shape effect on the reversal process and coercivity in Nd-Fe-B magnets. The Published by AIP Publishing. 120, 033903-1 spheroid grain and the prism grain with triangular, rectangular, hexagonal, and circular cross sections were taken into account. The platelet grains motivated by the hot-deformed Nd-Fe-B magnets and the columnar grains motivated by the sputtered Nd-Fe-B magnets were also studied.
II. SIMULATION DETAILS
The three-dimension geometry of the prisms and spheroid used for simulations is illustrated in Fig. 1 . The height of the prism grain is set as h, with a cross-section geometry d. The spheroid grain is with an equatorial diameter of d and a polar diameter of h. The easy axis is along the height (prisms) or polar (spheroid) h direction. Recent atomistic simulations have shown that the Nd 2 Fe 14 B grain surface or edges are covered by a defect layer due to the local strain near the grain boundary or interfaces. [17] [18] [19] The grain boundary phase itself can also be a soft magnetic material. 31 So we set a defect layer with a thickness of t around the grain surface. The defect thickness t is varied from 1 to 10 nm. 
III. RESULTS AND DISCUSSION
We first investigated the reversal process in Nd 2 Fe 14 B single grain of different grain shapes, as the results shown in Figs. 2 and 3. The initial magnetization is along the easy axis (z axis here), and an opposite external magnetic field l 0 H ex is applied to switch the whole grain. The distribution of the z component of the unit magnetization vector (m z ) at the remanent state (l 0 H ex ¼ 0) is presented in Fig. 2(a) . It can be seen that the magnetization near the corners or edges has already rotated out of the easy direction even at the remanent state for the prism grains. More precisely, according to the minimum m z values in Fig. 2(b) , the local reversal happens fast in the prism grains, especially in the triangular prism. This is due to the inhomogeneous stray field near the corners or edges in the nonellipsoidal grains. 21, 22 In contrast, no apparent local reversal occurs in the spheroid grain. By the local reversal, the inhomogeneous magnetization can repress magnetic surface charges and decrease the stay-field energy with respect to the homogeneous magnetic state. But in the spheroid grain, both the stray field and magnetization remain uniform until a sufficiently high external field is applied. These different behaviors can also be understood by comparing the reduction of the stray-field energy, as shown in Fig.  2(c) . A higher reduction in stray-field energy leads to more increment in exchange and anisotropy energies, thus more inhomogeneous local state for the nucleation. It is apparent that the stray-field energy in the prisms is reduced much faster than that in the spheroid, consistent with the results in Figs. 2(a) and 2(b).
The different local reversal behavior could result in distinct nucleation fields. For the complex system with hard grains and soft defect layers, the nucleation field cannot be determined analytically. Following the idea from the previous work, 27 we take the nucleation field l 0 H n to be the field required to flip the polarity of m z at the grain corners or edges to force the formation of at least a 90 domain wall. The computed reversal processes for all the grain shapes are shown in Fig. 3 , in which the nucleation and depinning fields are indicated. In all the prisms local reversal first occurs at the corners and edges, followed by the nucleation of a reversal domain inside the defect layer. For instance, in the triangular prism nucleation happens at l 0 H n ¼ 0.668 T. Then the reversal domain expands until an energy barrier is overcome by the depinning field. For the triangular prism, at a depinning field of 1.080 T, the reversal domain rapidly expands and the whole grain is completely reversed instantly. In contrast, due to the uniform stray field along the easy axis, the magnetization in the spheroid grain can be stabilized until a large external field is applied. The difference between the high nucleation field (2.036 T) and the high depinning field (2.128 T) is also small. These results indicate clear nucleation and depinning mechanisms for the reversal process. In addition to the sharp edges in the prisms, we also investigate the effect of smooth edges. Taking the grain with a circular cross section as an example, we smooth the end edge by a chamfer with a radius of 6 and 9 nm. The calculated reversal curves are shown in Fig. 3 , as comparisons to the case of sharp edge. The smoothness of the sharp edge reduces surface charges and lowers the magnetostatic energy, favorable for delaying the nucleation. It can be seen from Fig. 3 that smoothing the edge increases both the nucleation field and coercivity and decrease the difference between them. For example, a 6 and 9 nm chamfer radius can improve the coercivity from 1.67 T to 1.73 T and 1.91 T, respectively. These results are consistent with the previous work. 30 The calculated 2nd quadrants of the hysteresis curves are presented in Fig. 4(a) . The coercivity in the spheroid is shown to be highest, followed by that in circular prism, in hexagonal prism, in square prism, and in triangular prism, respectively. The coercivity of 2.128 T in the spheroid grain is almost as twice as the coercivity of 1.088 T in the triangular prism. Above discussion has indicated that the grain shape can influence the local reversal behavior and thus the nucleation field and the depinning field. Since the magnetization is inhomogeneous here, the shape anisotropy cannot be well defined theoretically. We turn to the equivalent shape contribution to quantitatively evaluate the role of grain shape on coercivity. It should be noted that it is not easy to define a constant volume when the grain has distinct cross-section geometry. Instead, the same geometry parameters d and height h in Fig. 1 are used for different shaped grains whose volumes are varied. The case of constant volume with different aspect ratios h/d but the same grain shape will be studied in the following. So the equivalent shape contribution discussed in Fig. 4(b) is attributed to a combined effect of the volume and shape. As shown in Fig. 4(b) , we fit the normalized coercivity (H c /M s ) as a function of the normalized anisotropy field (2K=l 0 M 2 s ) by the equation
in which and s represent the anisotropy field contribution and shape contribution to the coercivity, respectively. From the fitting parameters listed in Fig. 4(b) , it is evident that both and s decrease in the same fashion as the coercivity, i.e., spheroid > circular prism > hexagonal prism > square prism > triangular prism. This indicates that tailoring the 27 Only half of the model is displayed here. The legends "circle, r ¼ 6 nm" and "circle, r ¼ 9 nm" denote that the edge of the grain with a circular cross section is rounded by a chamfer with a radius of 6 and 9 nm, respectively. grain shape cannot only control the shape contribution but also the anisotropy field contribution to the coercivity.
Temperature also affects the coercivity. The temperature dependence of coercivity is generally due to two factors: the temperature-dependent magnetocrystalline anisotropy and the thermal fluctuations at finite temperatures. Bance et al. considered both of these two factors in their micromagnetic simulations and found that thermal fluctuations can reduce the coercivity by 15% at room temperature and by 25% at 450 K. 25, 26 Here, the grain shape is the focus and the thermal fluctuations are ignored. We take the temperature dependent magnetocrystalline anisotropy and saturation magnetization 37 to simulate the temperature dependence of coercivity, as shown in Fig. 5 . Expectedly, the coercivity is found to decrease with temperature. The decreasing trend of all the grains with different shapes is similar. The decrease rate j ¼ dðl 0 H c Þ=dT is larger at higher temperatures after 400 K. The distinct values of j before and after 400 K may be attributed to a synergetic effect of the magnetocrystalline anisotropy and saturation magnetization, both of which decrease with temperature. 37 It is found that the grain shape with higher coercivity has a smaller j and thus is more sensitive to temperature. The underlying reasons should be further explored. Fig. 6 contains a plot of the computed l 0 H c against the defect thickness (t) for all the grain shapes. The theoretical plot is taken from the Aharoni's 1D defect model. 35 In this 1D model, an infinite ferromagnetic material with a soft interface of finite thickness was considered. In all cases, the calculated l 0 H c here is lower than that from the theoretical prediction in which the coercivity value is the upper bound. In contrast to the Aharoni's model which is infinite in size, the real grains and our modelled grains here are of finite size. So the difference between the model and the simulation is expected. But the trend of the coercivity varying with the defect thickness agrees well with the model prediction.
Since the spheroid shape has much higher coercivity, we investigate the effect of aspect ratio (h/d) in the spheroid grain, as shown in Fig. 7 . The volume of the spheroid is kept constant with h/d ranging from 0.128 up to 9.267, as schematized in Fig. 7(a) . The reversal curves in Fig. 7(b) apparently show the h/d dependent hysteretic behaviors. It should be noted that for the ideal case of coherent magnetization rotation in the spheroid without defects, the additional coercivity due to the shape contribution can be analytically derived as
30 N c is the demagnetizing factor parallel with the easy axis, which can also be analytically calculated as a function of h/d. 38 However, the simulated spheroid grain here is covered by a defect layer, and the magnetization rotation is inhomogeneous after a sufficient high magnetic field is reached. So H s cannot be simply added to the calculated coercivity. Actually, fitting the relationship between the coercivity and h/d leads to an empirical equation
in which a $ 0.267 and b $ 0.611, as shown in Fig. 7(c) .
The underlying physical mechanism is that the coercivity is a linear mixture of the anisotropy field H A ¼ 2K=M s and the shape contribution H s . In the ideal case, a ¼ b ¼ 1. But in the real case, a and b are usually less than 1. In Fig. 7(c) , it is also evident that above a h/d of $ 4 coercivity reaches a plateau which is just below the upper bound predicted from the 1D defect model. 35 It should be mentioned that the calculated values of a and b in Fig. 7(c) are only valid for the case of t ¼ 3 nm. a and b are dependent on t. It should also be noted that Eq. (2) for the single grain is different from the case of multigrain, in which the effective demagnetization contribution is subtracted from the anisotropy field contribution. 39 In the single grain case, there is no demagnetization field from other grains, while in the multigrain case the additional local demagnetization field from other grains often supports the nucleation and lowers the coercivity.
The Nd 2 Fe 14 B grain with a spheroid shape is seldom reported in experiments, though it has much higher coercivity. In the experimental work, columnar and platelet grains are of interests. For example, columnar grains with a diameter of several hundred nanometers can be prepared by sputtering at suitable temperature. 40 Platelet grains in the submicrometer scale can be obtained by hot deformation (hot compacting and subsequent die-upsetting) of melt-spun powder.
36 Fig. 8 shows the simulation results of the columnar and platelet grains with different cross sections. For each cross-section geometry, the volume is kept constant and only h/d varies. This is consistent with the hot deformation process, in which h/d decreases and the degree of texture is increased when the volume is kept nearly constant. It can be seen from Fig. 8(a) that the coercivity remarkably increases with h/d and then almost saturates around h/d $ 4. The m z distribution at the depinning point in Fig. 8(b) also presents the h/d dependent reversal characteristics. In the extremely flat platelet grain (e.g., h/d ¼ 0.073), the whole grain has been partially reversed at the depinning point. But in the columnar grain (e.g., h/d ¼ 9.267), only the edges or corners at the two ends are partially reversed. This distinct feature can be attributed to the grain shape; because the platelet and columnar grains favor an in-plane and out-of-plane magnetization distribution, respectively. We also take the experimental results for comparison, 36 as shown in Fig. 8(c) . According to the experiment, 36 the initial h is chosen such that h/d ¼ 1. The h reduction is defined by subtracting the ratio of the final h to the initial h from unity. The simulated decreasing trend of the coercivity reduction varying with h reduction accords with the experimental trend. The coercivity is reduced more slowly in the simulation than in the experiment. This discrepancy could be owing to two reasons. First, the simulated sample is single grain and its size is much smaller than the experimental size so that the stray field effect is not fully considered. Indeed, Bance et al. 24 have demonstrated that smaller grain size leads to a smaller demagnetizing factor and thus a higher coercivity. Second, the degree of texture varies with h reduction in the experiment but ignored in the simulation.
We further assemble eighteen grains (h/d ¼ 2) into multigrain models (Fig. 9) , in order to elucidate the effect of magnetostatic or exchange coupling. Fig. 9(a) compares the hysteresis curves of individual grains and magnetostatically coupled multigrains. In the multigrain, nonmagnetic materials are set between two neighbor grains so that exchange coupling vanishes. The simulated box is with a size of 324 Â 324 Â 415 nm 3 , which is meshed into nearly 44 Â 10 6 cells and is computationally expensive. Due to the limited number of grains in the multigrain model, the hysteresis curves exhibit a step-like behavior. This is related to the intermittent switching of several or individual grains, as evidenced in the magnetization distribution during the switching process ( Fig. 9(b) ). More importantly, from Fig. 9(a) we can calculate that the nucleation field is reduced by $14%-30% and the coercivity by $10% if the magnetostatic coupling is included. Furthermore, if both the magnetostatic and exchange couplings are included, the coercivity is further reduced by $40%, as shown in Fig. 9(c) . In addition, Fig. 10 contains the results on multigrains constituted by platelet and columnar grains which are magnetostatically coupled. In the case of platelet grains (Figs. 10(a) and 10(b)), the coercivity reduction by the magnetostatic coupling in the grain with a square cross section is $45%, much larger than that in a circular cross section ($10%). This indicates that the circular cross section of individual grains is favorable for weakening the magnetostatic coupling and enhancing the coercivity in multigrains constituted by platelet grains. In contrast, for the columnar multigrains the magnetostatic coupling reduces the coercivity by $10% both in the square and circular cross sections. But the circular cross section can result in higher coercivity. These results based on the multigrain models, especially in the case of platelet and columnar grains, indicate the possibility to enhance the coercivity by controlling the grain shape in the real multigrain samples.
IV. CONCLUSIONS
The spheroid grain and the prism grains with circular, hexagonal, square, and triangular cross sections were studied to demonstrate the effect of grain shape and defect layer in Nd-Fe-B magnets. The trend of coercivity varying with defect thickness was shown to be consistent with the 1D defect model whose coercivity value is the upper bound. By adjusting the distinct anisotropy field contribution and shape contribution, we were able to increase the coercivity by a factor of $2 through the change of grain shape from the triangular prism to the spheroid. The coercivity, along with both the anisotropy field contribution and the shape contribution, was found to decrease in the order: spheroid > circular prism > hexagonal prism > square prism > triangular prism. In terms of sputtered columnar grains and hot-deformed platelet grains in the submicrometer scale, simulations of differently shaped grains with a constant volume and varied aspect ratios indicated that the coercivity enhancement nearly plateaus above an aspect ratio of $4. Multigrain ensembles containing above-mentioned single grains were further simulated, showing that the magnetostatic coupling among grains further reduce the coercivity by $10%-45% when compared to the case of single grain. This simulation work could provide useful information on tailoring the grain shape to improve the coercivity in Nd-Fe-B magnets.
